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2Why Directly Image Exoplanets?
HR8799 ADI + SDI
HR8799 data processing by Tim Brandt from CHARIS Engineering Data
SCExAO + MKIDS + CHARIS
CHARIS Integral Field Spectrograph
1. Block starlight: Coronagraph
2. Fix Aberrations: Wavefront Control
3. Get a spectrum of the image plane: Integral Field Spectrographs
Our primary goal is to take 
spectra of the planets we discover.
3Spectral Characterization of Exoplanets
Self-luminous, young super Jupiters: 
atm. properties
Mature Jupiter analogues in reflected light:
mass & atm. properties
Credit:                  
M. Marley (Ames)
Credit:                  
M. Marley 
(Ames)
4Integral Field Spectroscopy - Concept
Extraction 
Algorithm
5Flight IFS Optics
Lenslet back
CL1
Prism
Compensator
IL1
Detector assembly
CL2 CL3
IL3
IL2
Baseline Filter Bands Center Cut-on Cut-off Bandwidth 
%
CGI Band 2 (Shaped Pupil) 660 610 710 15.2
CGI Band 3 (Shaped Pupil) 730 675 785 15.1
Starshade Band 1 728 656 800 19.8
Starshade Band 2 887 799 975 19.8
Phase B IFS Specifications
Band 2 Band 3
# of dispersed pixels 18 18
Lenslet pitch (µm) 174 174
sampling at λc 2 2.33
Spectral resolving power 50 50
 All lens surfaces are spherical.
 The spectral dispersion is achieved with a prism and a compensator
6Optomechanical Changes
Focal Plane
JPL Responsibility
Driving Interface
Stiff Flexure Contact Pads
(Driven by survival temperatures)Flexure Contact Pads
(For Precision Group Alignment)
Carbon Fiber Mirror Bench
Pads for Alignment Tools
The New:
• New M55J carbon fiber sub-bench
• Updated flexure system
• Rigid kinematic alignment to CGI
• More robust mirror mounts
• Enables softer group alignment
• Mirror bench is Titanium with EDM flexures
• Lenslet array mounted directly into carbon fiber structure
The Old:
7Optomechanics
Subbench With Lid
Relay Mirror Group
Collimator Group Imaging Group
Lenslet Array Assembly
8Interfaces
Focal Plane
Repeatability
Stability
Flatness
Flexure Contact Pads
Driven by survival temperatures
Flatness
Conductance
Co-planarity
Flexure Contact Pads
Flatness
Conductance
Co-planarity
CGI
Carbon Fiber Bench with metal 
threaded pads
Input Collimated Beam
Stability
Repeatability
Pads for Alignment Tools
9 We must be able to use the IFS for wavefront control
 Must self-calibrate on-orbit
 No Mechanisms
 Ground-to-orbit alignment of final focal plane must stay within tolerance
 Alignment matters, but MUST be stable through launch and over the course of observations
 Stability to thermal variations in various operating scenarios
 Stability to the residual jitter of the beam and instrument from telescope pointing control
 Sub-allocate tolerances across all optical elements to meat requirements at both focal planes
Driving Requirements of the IFS Design
 Ground to Orbit Alignment
 Shear: 10-100 μm
 Tip-tilt: 7-12 arcsec
 Thermal
 Shear: 2-50 μm
 Tip-tilt: 0.5 – 1 arcsec
 Jitter
 Shear: 1-50 μm
 Tip-tilt: 0.5 – 1 arcsec
 Focus is driven by spectrograph
 Ground to Orbit Alignment
 Shear: 25 – 700 μm
 Tip-tilt: 17-600 arcsec
 Thermal
 Shear: 1-5 μm
 Tip-tilt: 30 - 60 arcsec
 Jitter
 Shear: 1-5 μm
 Tip-tilt: 1-30  arcsec
Range of Allocations 
up to Lenslet Array
Range of Allocations 
after Lenslet Array
10
CGI IFS Field of View
 IFS FOV in CGI is limited by coronagraph
 10 λ/D at 660nm
 The designed full FOV is ~2.2”,
 20.5 λ/D at 610nm, 16.0 λ/D at 785nm (Radius)
 Larger FOV utilized for
 Potential Starshade
 Ground-to-Orbit alignment variance
Angular separation where requirements are set
Detector field of view
10 λ/D (~0.5”) Coronagraph outer working angle
3 λ/D radial inner working angle
M5 Globular Cluster HR8799 (ADI+SDI) 
Not Detector 
Limited
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 Variance in Resolution from residual chromaticity
 Starshade readiness drives
 Maximum spectral length
 Total bandpass refractive elements are designed for
IFS Design Performance: Spectral Resolution
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Band 3: ~1%/pixel
(~184μm)
Band 2: ~1%/ pixel
(~184μm)
Visualization of 18% 
Spectra on Detector
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Basic Operations Driving the On-Orbit Stability Requirements
 Jitter Stability: Alignment disturbance from observatory structural dynamics (~100 seconds)
 Thermal Stability: Alignment disturbance from observatory thermal drift (~10 hours)
 Limited by telescope pointing and time between opportunities to recalibrate the IFS
 These periods drive stability requirements on:
A. The stellar point spread function (PSF) on the lenslet array
B. The lenslet PSFs (PSFlet) reimaged on the detector
A
B
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Thermal Models and CAD
ILG and Prism
CLG
Lenslet
Mirror Mount 
on Relay Bench
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Representative Thermal Distortions
Load Case dx
(μm)
dz
(μm) 
ROT x,y
(μrad)
ROTz
(μrad)
Bulk 1K 0.3 0.1 3.9 0.0
X Gradient 0.1 0.1 2.5 3.2
Y Gradient 0.3 0.2 0.9 11.1
Load Case dx
(μm)
dz
(μm) 
ROT x,y
(μrad)
ROTz
(μrad)
Bulk 1K 0.3 0.1 3.9 0.0
X Gradient 0.1 0.1 2.5 3.2
Y Gradient 0.3 0.2 0.9 11.1
Lenslet Array Finite Element Model Imaging Mirror Assembly Finite Element Model
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Fine Pitch Characterization Sensor
 Gather high spatial resolution 
PSFlet templates with flat field
 fine-pitch detector + dithering
 Multiple focus positions 
(6 dimensions of data)
 Enables swap in of flight detector 
during final I&T
 Mitigates lack of focus mechanism
 Allowable Focus Range: 150 μm
 Flatness: 50 μm
 I&T: 100 μm
 Ground-Orbit: 100 μm
 Repeatability: 10 μm
 Cold-to-Warm : 20 μm
 Thermal Variance: 20 μm
 Jitter Variance: 20 μm
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1. Monochromatic update:
Find centroids of PSFLets on grid and find 
X, Y, theta offsets; fit focus changes (if any)
On-Orbit Computing Tasks
2. Extraction:
Extract each microspectrum into cube using 
Horne (1986) extraction for wavefront control.
3. All data is downloaded for more optimal “science” 2-D extractions such as Brandt et al. 2017
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Noisy IFS Extracted Cube Slices
Subtract referenceTarget cube
Convolved target cube Convolved subtracted
Off-axis PSF 
used for 
matched filter
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 30ks (8h) on reference star Beta Uma
 100ks (27h) on target star 47 Uma, with companion RV planet 47 Uma c
 Implement reference differential imaging (RDI)
Example IFS Observing Scenario and Spectrum
SNR~12
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Zero Deviation Prism as IFS Alternative
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CGI Modes – Shaped Pupil Spectroscopy
Pupil 
mask
Lyot
mask
Filter 
wheel
Field stop
mask
DM2
FocM
DM1
FM
IFS/Img 
selectorFocal 
plane 
mask
Shaped Pupil Spectroscopy Mode
FPA
IFS
IFS
to LOWFS
The IFS uses two 15% bands (Band #2 and Band #3) to produce R≥50 
spectra from 600 to 900nm at IFSCAM
lenslet 
array pinhole 
mask
dispersed 
lenslet images 
extracted data 
cubeSPC images in15% bands
Coronagraph 
Instrument (CGI)
OAP5 OAP6 OAP7 OAP8
OAP1
OAP2
OAP3
OAP4
FSM
M4
F1
F1
F2 Tertiary Collimator 
Assembly (TCA)
Telescope
PM
SM
F3F2
POMA
TOMA
M3
R. Demers7-20
WAS
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CGI Modes – Shaped Pupil Spectroscopy
Pupil 
mask
Lyot
mask
new 
eng 
filters
New Field 
stop - slit
DM2
FocM
DM1
FM
Focal 
plane 
mask
Shaped Pupil Spectroscopy Mode
to LOWFS
The Amici prisms disperse the 15% bands (Band #2 and Band #3) to 
produce R≥50 spectra from 600 to 900nm at DICAM
Spectrum to be 
extracted from 
dispersed images. 
Assume we also have 
the direct image and 
speckle field.
SPC images in 2 15% 
bands
Coronagraph 
Instrument (CGI)
OAP5 OAP6 OAP7 OAP8
OAP1
OAP2
OAP3
OAP4
FSM
M4
F1
F1
F2 Tertiary Collimator 
Assembly (TCA)
Telescope
PM
SM
F3F2
POMA
TOMA
M3
R. Demers7-21
IS
Img lens
IMG
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Prisms and Dispersions
CaF2   S-TIH11    CaF2
CaF2   S-TIH14    CaF2
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 Evaluate the noise equivalent pixels
 F = 260mm. D = 5mm. F/# = 52.
 Nyquist sampled at 500nm 
 R=50 is minimum across the band.
 Evaluate it as a differential across the band
 Core = 1.9 x 0.8 FWHM area in λ/D
 5 pixels / FWHM in X direction @ 660nm
 Tyler/Neil Analysis: pixel count in core only
 Bijan Analysis: pixel count includes SPC lobes 
above half max
FWHM of PSF Core for SPC
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 Assuming we don’t (somehow) resample to Nyquist sample each channel
 IFS has ~3.2 noise equivalent pixels per (spectrally unresolved) PSFlet
 However, IFS is Nyquist sampled at longer wavelengths
 Accounting for overdispersion, ~equivalent pixels at short end, ½ at red end
 Note: Early estimate is ~20% higher throughput in DI channel for this mode than IFS 
because of estimated surfaces
Comparing Noise Equivalent Pixels
Noise Equivalent Pixels by Bijan
Noise Equivalent Pixels by Tyler
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Data Simulations
OS6 SPC, optical MUFs on• OS6 SPC model (2018) provided by John 
Krist. For simplicity, we take the time-
averaged PSF of the reference star and 
science target star to define their respective 
intensity maps over the full duration of the 
observation.
• The slit mask is oriented perpendicular to the 
bowtie, 130 mas wide to match the first null 
of the SPC PSF along the horizontal axis.
• Two cases simulated:
1) Requirements performance case with 
optical MUFs applied, fiducial 5x10-8 flux 
ratio “planet” inserted at 4 λ/D
2) Science performance case with 5x10-9
flux ratio planet and optical MUFs turned off
Slit
Dispersion axis
47 Uma + 5x10-8 planet at 3.9 λ/D 
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Dispersed OS6 Data Simulations: Requirements (5x10-8) Case
Albedo spectrum model 
provided by Nikole Lewis
• dQE value 24.5% (initial QE of 57% scaled 
down by photon counting efficiency, cosmic 
ray losses, hot pixels, and CTE)
• Dark current 6.1E-4 e-/pix/s (half of mission 
life)
• CIC noise 0.026 e-/pix/frame
Detector parameters
Assumes:
Perfect Registration
No image drift on detector
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Dispersed OS6 Data Simulations: Requirements Case
Albedo spectrum model 
provided by Nikole Lewis
• dQE value 24.5% (initial QE of 57% scaled 
down by photon counting efficiency, cosmic 
ray losses, hot pixels, and CTE)
• Dark current 6.1E-4 e-/pix/s (half of mission 
life)
• CIC noise 0.026 e-/pix/frame
Detector parameters
Continuum SNR ~ 15
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Dispersed OS6 Data Simulations: Science Performance (5x10-9) Case
Albedo spectrum model 
provided by Nikole Lewis
• dQE value 24.5% (initial QE of 57% scaled 
down by photon counting efficiency, cosmic 
ray losses, hot pixels, and CTE)
• Dark current 6.1E-4 e-/pix/s (half of mission 
life)
• CIC noise 0.026 e-/pix/frame
Detector parameters
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Dispersed OS6 Data Simulations: Science Performance Case
Albedo spectrum model 
provided by Nikole Lewis
• dQE value 24.5% (initial QE of 57% scaled 
down by photon counting efficiency, cosmic 
ray losses, hot pixels, and CTE)
• Dark current 6.1E-4 e-/pix/s (half of mission 
life)
• CIC noise 0.026 e-/pix/frame
Detector parameters
Continuum SNR ~ 7
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Backup – Calibration with dispersed, unocculted stars
Post-processing the prism/slit data requires subtracting speckles based on a reference star image taken 
with the same slit position; however, the difference in the stars’ spectra complicate this procedure.
By taking dispersed images of both reference and science star unocculted, and measuring their ratio in 
each wavelength bin, the columns of the dispersed reference speckle image can be appropriately rescaled 
before subtracting the speckles from the dispersed science image.
